The idea of combined 3C-geophones and hydrophones (4C-receivers) often used in marine Ocean-Bottom Cables, can also be used for seismic surveying on land in saturated soils. The fluid-pressure data can be used to interpret the particle-velocity data. It can, however, also be used to extract more information about the subsurface, e.g., information about 2-phase behaviour.
Introduction
The idea of combined 3C-geophones and hydrophones (4C-receivers) often used in marine Ocean-Bottom Cables, can also be used for seismic surveying on land in saturated soils. An application of this can be the removal of surface waves from the (solid) particle-velocity data with the help of corresponding arrivals present in the fluid-pressure data. 4C-receivers enable to clearly distinguish between compressional-and (equivoluminal) shear-wave arrivals. As for the marine case, 4C-data may help to remove multiple energy. In these cases the fluidpressure data are used to interpret the conventional data. The additional data can, however, also be used more extensively to extract more information about the subsurface. One can think of information about 2-phase behaviour, i.e., coupling of solid skeleton and pore fluid, porosity, permeability and formation factor.
To investigate the combination of fluid-pressure and particle-velocity data, seismic experiments have been carried at out on the Lofar seismic-monitoring site at Exloo (The Netherlands). A line of shots was recorded using fixed receivers. Received vertical particle velocity and fluid pressure are displayed in Figure 1 , from which already some characteristics can be observed. The distinction between P-wave (white arrow) and S-wave reflections (black arrow) is obvious and the P-wave arrivals in the fluid pressure are relatively strong. With regard to the surface-wave 'cone', however, some questions arise. Is the deviation from the straight cone (dashed line) caused by dispersion (viscous mechanism), partial saturation or do higher order surface-wave modes come into play due to layering, see Ewing et al. (1957) ? In the particle-velocity data, the deviation from the straight cone seems to start earlier than in the fluid-pressure data, which could indicate that S-waves arrive just before the surface-waves. This is confirmed by Figure 2 where, for indicated part of the data, the polarization of the particle-velocity data in the in-line plane is displayed. Line 2 corresponds to the surface-wave arrival, lines 3 and 4 may indicate a higher order surface-mode and the SV-arrival in advance, respectively. Line 1 may indicate the outer extent of some scattered surface-wave arrivals.
In order to understand the physics, a mathematical model has to be set up with which the wave propagation in the subsurface can be simulated. Because the subsurface has to be considered as a poroelastic medium in the 4C-experiments, Biot's theory for wave propagation in poroelastic media has been used for setting up this model. Among other quantities, this theory explicitly accounts for the influence of porosity and permeability; these are the parameters that one could extract information about from the 4C-data. In this paper the point-force response of a homogeneous isotropic poroelastic half-space is presented to gain insight in the behaviour of various wave modes in the different components. Focus is put on the low frequencies common for seismic surveying (0-1000 Hz). Special attention is given to the Rayleigh mode; its dependence on permeability is examined.
Point-force response of homogeneous isotropic poroelastic half-space
The Biot theory for fluid-saturated porous media is a two-phase macroscopic model that allows the fluid to move relative to the solid. The motions, however, do not occur independently. The following parameters are taken into account: solid and fluid densities ρ s,f , porosity φ , tortuosity α ∞ , viscosity η , permeability k 0 , shear modulus G and the bulk moduli K s,f,b of solid, fluid and drained bulk. Tortuosity is a geometrical quantity that can be related to φ, see Berryman (1981) . The equations of motion read: 
where u, U denote solid and fluid displacement, respectively. The generalized elastic constants A, Q and R depend on φ, G and convolution operator F accounts for dynamic viscous interaction, see Johnson et al. (1987) . Vectors y, z denote the volume forces of the solid and fluid phase, respectively. Fluid pressure p is a result of dilation of both solid and fluid: −φ p = Q ∇⋅u + R ∇⋅U.
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Due to interdependence of u and U, the six equations of Eq. (1) are not independent. When the equations are transformed to the frequency domain, the number of governing equations can be reduced to four: parameter λ is related to A, Q and R. The four independent unknowns are u and p; apparently, a wave field is fully characterized by the four quantities measured using 4C-receivers. The three-dimensional point-force response has been derived with application of the integral Fourier transform. In the plane-wave domain an incident wave train is considered. Reflection at the free surface gives rise to a down-going wave train that is coupled to the incident field via the boundary conditions that are assumed to be of the open-pore type. For the reflected wave train the inverse Fourier integrals have to be evaluated while the direct wave field is known analytically in the space-frequency domain. The integration has been performed numerically with an adaptive 8-point Legendre-Gauss algorithm. The space-time domain responses are obtained using a FFT-algorithm. The present model is a generalization of the three-dimensional axial-symmetric model of Philippacopoulos (1997) .
Graphical response due to vertical solid point-force
In order to evaluate the combination of fluid-pressure and particle-velocity data, the graphical response is analysed for a soil where a vertical point force is applied on the grains. For the soil parameters, values representative for Sand of Mol are taken, see Degrande et al. (1998) . The force that is located at a depth of 10 m, has Ricker signature with dominant frequency 282 Hz and radiates P 1 -(fast), P 2 -(slow) compressional waves and S-waves. Figure 3 displays the reflection response (solid lines) received at a large offset of 500 m and situated just 1 m below the surface. To be consistent with the geophone data, the vertical particle velocity is displayed rather than particle displacement. Reflected waves and converted waves are present, and Rayleigh waves are generated too. It can be observed that the SS-event and the Rayleigh wave have relatively large amplitude in the particle velocity with respect to the earlier events; the contributions to the fluid pressure are of comparable magnitude. The various wavelets either have Ricker shape or that of its first derivative. It can be seen that Swaves do not contribute to the fluid pressure. Remarkably, however, an event is present in the fluid pressure near the SS-arrival time. This is probably a pseudo surface-wave that also has a contribution to the particle velocity, which, however, cannot be distinguished.
To investigate the influence of the properties of the two phases, the reflection response has also been calculated for some artificial saturated porous material of different porosity φ = 0.346 and fluid density ρ f = 800 kgm -3 (e.g. some light oil), but with the same total density ρ = 2001 kgm -3 and all other parameters unchanged. The result is also displayed in Figure 3 (dashed lines). Changes both in amplitude and travel time can be observed for particle velocity and fluid pressure, qualitatively in the same way. Apparently, it makes sense to account for porosity and separate densities explicitly like in the Biot theory, also for the seismic frequency range because in an elastic model the responses would be identical. P 2 -events are not visibly present in the reflection response. This is natural since this mode is diffusive and strongly attenuated in the considered frequency band. The P 2 -mode can, however, contribute significantly to the propagating Rayleigh wave as can be observed in Figure 4 . For rather small increase of permeability (with respect to k 0 ), the P 2 -contribution to the fluid pressure reaches almost the same order of magnitude as the P 1 -contribution. This can be explained by the fact that the out-of-phase motion of solid and fluid in the P 2 -mode can occur more easily for higher permeability. In Figure 4 also the inverse quality factor 1/Q R is displayed to illustrate the attenuation of the Rayleigh wave. It is stronger for higher permeability, which follows from the fact that the out-of-phase motion induces more friction.
Conclusions
It is concluded that 4C-measurements can be usefully applied on land to extract additional information from the subsurface, such as porosity and permeability. The modelled responses show strong dependence on these parameters. It is the combination of particle-velocity and fluid-pressure data that reveals the poroelastic characteristics of the subsurface, especially when dealing with Rayleigh waves.
It has been shown that it makes sense to use Biot's theory to model seismic responses when dealing with 4C-measurements in saturated soils on land. Elastic modelling would fail; the well-known theory of Gassmann would also yield insufficient results since it does not account for permeability. Furthermore, in this theory the P 2 -mode is absent while it may have significant contribution to the Rayleigh wave, especially in the fluid-pressure component.
For given frequency range, the Rayleigh wave is not highly dispersive. The deviation from the straight cone, met in the Lofar shot-experiment, is probably not caused by viscous mechanism only.
Figure 4
Rayleigh-waves attributes for varying permeability − ½ k 0 ; − − k 0 ; − ⋅ 2k 0 ; ⋅⋅⋅ 4k 0 : wave speed, inverse quality factor, particle velocity and fluid pressure.
